Background: Validation studies of height-and weight-based indexes of body fatness in children and adolescents have examined only small samples of school-age children. Objective: The objective was to validate the performance of age-and sex-specific body mass index (BMI) compared with the Rohrer index (RI) and weight-for-height in screening for both underweight and overweight in children aged 2-19 y. Design: Data from the third National Health and Nutrition Examination Survey (n = 11 096) and a pooled data set from 3 studies that used dual-energy X-ray absorptiometry (n = 920) were examined. The receiver operating characteristic curve was used to characterize the sensitivity and specificity of these 3 indexes in classifying both underweight and overweight. Percentage body fat and total fat mass were determined by dual-energy X-ray absorptiometry. Subcutaneous fat was assessed on the basis of the average of triceps and subscapular skinfold thicknesses. Results: For children aged 2-19 y, BMI-for-age was significantly better than were weight-for-height and RI-for-age in detecting overweight when average skinfold thicknesses were used as the standard, but no differences were found in detecting underweight. When percentage body fat or total fat mass was used as the standard, BMI-for-age was significantly better than was RIfor-age in detecting overweight in children aged 3-19 y. No differences were found between BMI-for-age and weight-for-height in detecting overweight or underweight. Conclusion: For children and adolescents aged 2-19 y, the performance of BMI-for-age is better than that of RI-for-age in predicting underweight and overweight but is similar to that of weight-for-height.
INTRODUCTION
Anthropometry is one of the most basic tools for assessing nutritional status, whether overnutrition or undernutrition. A variety of methods are available to measure body fatness and body thinness (1, 2) . Commonly used techniques for the accurate estimation of body fatness include underwater weighing, dualenergy X-ray absorptiometry (DXA), total body water, totalbody electrical conductivity, total body potassium, and computed tomography. However, the use of most of these methods is limited to research settings because of their complexity and cost (3) (4) (5) (6) (7) . The most frequently used tools in public health evaluations and clinical screening are anthropometric-based measurements such as skinfold-thickness or circumference measurements or various height-and weight-based indexes such as weight-for-height, body mass index [BMI; wt (kg)/ht 2 (m)], and the Rohrer index [RI; wt (kg)/ht 3 (m)] (1, 2). Traditionally, body fatness has been estimated from measurements of skinfold thicknesses, which correlate reasonably well with body fatness. Concerns have been expressed about the accuracy of this approach because skinfold thicknesses are poorly reproducible and only a few regional body sites are measured (1, 2, (8) (9) (10) . A series of validation studies of DXA measurements in animal and human studies showed that DXA measurements accurately capture regional and total body composition and may constitute a new reference method (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
Height-and weight-based measurements are the most practical tools for assessing nutritional status because of their simplicity and low cost. Of these methods, BMI is the one most commonly recommended and widely used for classifying overweight and obesity in adults (2, (21) (22) (23) and has also been recommended for screening overweight and obesity in adolescents (24) (25) (26) (27) (28) . To date, however, the validity of BMI in accurately classifying underweight children has not been examined, and this index has not been used routinely for children aged < 5 y. New growth charts from the Centers for Disease Control and Prevention (CDC) include an age-and sex-specific BMI reference for children aged 2-20 y in addition to a sex-specific Validity of body mass index compared with other body-composition screening indexes for the assessment of body fatness in children and adolescents weight-for-height reference for children aged 2-6 y (29). Weightfor-height is already used routinely in preschool children in clinical settings to screen for underweight and overweight (1, 2, 30) . Some evidence has shown that the RI predicts body fatness during puberty better than does BMI (1). In the current study, we validated the CDC's new age-and sex-specific BMI-forage reference and compared its performance (ie, its sensitivity and specificity) with that of RI-for-age and weight-for-height in screening both underweight and overweight in children aged 2-19 y.
SUBJECTS AND METHODS
Two data sets were used for this study. To compare skinfold thicknesses with measures of height-adjusted weight, we used data collected as part of the third National Health and Nutrition Examination Survey (NHANES III), which was conducted by the CDC (National Center for Health Statistics, Atlanta) to provide representative data from samples of the civilian, noninstitutionalized US population aged 2 mo to 74 y (31) . Conducted from 1988 to 1994, NHANES III included standardized measurements of height, weight, and skinfold thicknesses. Detailed descriptions of the sample selected were published elsewhere (31, 32) . For this analysis, we included all 11 096 records for children aged 2-19 y and incorporated their original sample weights. We used the average of the triceps and subscapular skinfold thicknesses in this data set as a measure of body fatness.
To compare DXA measurements of fatness with heightadjusted weight measures, we pooled 3 data sets containing height, weight, and DXA measurements (pooled data set). The data sets were collected from 3 studies conducted separately in the United States, Italy, and New Zealand (16, (26) (27) (28) ; A Pietrobelli, unpublished observations, 1997). The Lunar DPX-L scanner (Lunar Radiation Co, Madison, WI) with pediatric medium or adult software was used in all 3 studies. Each study used a standardized protocol for the height, weight, and DXA measurements, as summarized in Table 1 . Measurements for a total of 920 children aged 3-19 y from the pooled data sets were compared. Both percentage body fat (%BF) and total fat mass (TFM) were used as references to predict both body fatness and body thinness, and total fat-free mass (TFFM) was used as a reference to predict body thinness.
The age-and sex-specific BMI reference, which was developed recently by the CDC (29) , was used in this study to assign BMI percentiles (z scores) to the NHANES III and the pooled data sets. We developed weight-for-height, RI-for-age, and average triceps and subscapular skinfold thickness references for children aged 2-19 y by using the same CDC growth reference data set and smoothing techniques. To create an internal DXA reference, we first grouped the children in the pooled data set into 3 age groups (3-5, 6-11, and 12-19 y) by sex and then calculated each single empirical centile from the 3rd to the 97th centiles by sex and age group. We included all children aged 2-19 y in the NHANES III study who had height, weight, triceps, and subscapular skinfold-thickness measurements and assigned each child a BMI-for-age, RI-for-age, weight-for-height, and skinfold-for-age percentile. For the pooled data set, we included all children who had height, weight, and DXA measurements and assigned each child a BMI-for-age, RI-for-age, weight-for-height, %BF, TFM, and TFFM percentile. We defined underweight as being below the 15th percentile on the basis of both the DXA (%BF, TFM, and TFFM) and average skinfoldthickness measurements, and we defined overweight as being above the 85th percentile for %BF, TFM, and average skinfoldthickness measurements in the study population. The cutoffs for %BF, TFM, and TFFM from the DXA measurements are summarized in Table 2 .
Pearson correlation coefficients were used to examine the relations between either subcutaneous fat based on average skinfold thicknesses or %BF and TFM determined by DXA and the height-and weight-based measures (BMI-for-age, RI-for-age, and weight-for-height). We also examined the correlation between BMI-for-age and weight-for-height because the new CDC growth charts have both references available for children aged 2-5 y (29). We used receiver operating characteristic (ROC) curves (33) to assess the performance of the indexes in detecting both underweight and overweight. The ROC curve is constructed by first calculating the sensitivity and specificity generated by using a series of percentile cutoffs from the 3rd to the 97th percentile of the screening indexes. Then, the series of sensitivities were plot- ted on the y axis against the corresponding values of 1 Ϫ specificity on the x axis. In general, the farther the curve is away from the diagonal chance line, which extends at 45 Њ from the origin (x = 0, y = 0), the better the indicator's performance. MEDCALC software (34) was used to test significance for the areas under the ROC curves (AUC), and a Bonferroni adjustment (35) was used to correct the P values from the AUC tests.
RESULTS
Body-composition characteristics of the pooled data set are shown separately for boys and girls in Table 3 . For the NHANES III data, the correlation coefficients of BMI-for-age, RI-for-age, and weight-for-height with average skinfold thicknesses are summarized in Table 4 . The correlation coefficients of all 3 indexes with average skinfold thicknesses were significantly lower for preschoolers than for school-age children and adolescents (Ϸ0.6-0.7 for children aged 2-5 y compared with 0.7-0.8 for children aged 6-11 and 12-19 y). In all 3 age groups, correlation coefficients were higher for girls than for boys. For the pooled data, the correlation coefficients for the relations between BMI-for-age, RI-for-age, and weight-for-height with DXA measurements of %BF and TFM (Table 5) were not significant but were consistently higher than the corresponding correlation coefficients in Table 4 .
Both BMI-for-age and RI-for-age were strongly correlated with weight-for-height (r = 0.99, 0.97, and 0.95 for BMI and 0.92, 0.98, and 0.98 for RI, respectively, for children aged 2-5, 6-11, and 12-19 y). BMI-for-age and weight-for-height assigned similar percentiles to preschool children. The assigned percentile was within 5 percentile points 75% of the time and within 10 percentile points 95% of the time for children aged 2-5 y. A comparison of the sensitivities and specificities of the ROC curves of BMI-for-age, RI-for-age, and weight-for-height in detecting underweight or overweight in children aged 2-19 y with average skinfold thicknesses as the reference is shown in Figure 1 . The AUC test results of these 3 indexes are shown in Table 6 . Among preschool children (2-5 y), the sensitivity and specificity of BMI-for-age and weight-for-height in detecting both underweight (< 15th percentile) and overweight (> 85th percentile) were not significantly different and were consistently better than was RI-for-age. For example, at cutoffs giving an 80% specificity (1 Ϫ specificity of 20%), the sensitivities for detecting underweight were 61% for BMI-for-age, 61% for weight-for-height, and 56% for RI-for-age, and those for detecting overweight were 87%, 87%, and 78%, respectively. For school-age children (6-11 and 12-19 y), the ROC performance of BMI-for-age was better than that of weight-for-height and RIfor-age in predicting overweight on the basis of average skinfold thicknesses. For example, at cutoffs giving an 80% specificity, the sensitivities for detecting overweight were 96%, 94%, and 94% for children aged 6-11 y and were 92%, 89%, and 88% for children aged 12-19 y. However, no differences were found in detecting underweight among these 3 indexes for children aged 6-11 y. Both BMI-for-age and RI-for-age were better than was weight-for-height in detecting underweight for children aged 12-19 y. The patterns of ROC performances were similar with the use of %BF and TFM to define underweight and overweight for children and adolescents aged 3-19 y (Figure 2, Table 7) . However, the sensitivities and specificities defined on the basis of TFM were consistently lower than those defined on the basis of %BF (data not shown for TFM). With the use of age-and sexspecific TFFM values below the 15th percentile as the standard of underweight, we found that BMI-for-age and weight-forheight performed similarly (both were better than RI-for-age) for children aged 3-5 y but the performance of BMI-for-age was clearly superior for children and adolescents aged 6-11 y. The ROC performances were also similar when different cutoffs (5th and 10th percentiles for underweight and 75th, 90th, and 95th percentiles for overweight) from both data sets were used. However, the ROC curves were more stable when the 15th and 85th percentiles were used.
A comparison of the sensitivities and specificities of the ROC curves for detecting overweight at the 85th percentiles of BMIfor-age, RI-for-age, and weight-for-height is shown in Table 8 . In general, BMI-for-age had a relatively higher sensitivity than did RI-for-age and weight-for-height across the 3 age groups.
DISCUSSION
The validation of simple, low-cost height-and weight-based indexes to assess both body fatness and thinness is of practical importance for routine clinical evaluation of body composition. 
TABLE 5
Correlation coefficients (and 95% CIs) between selected anthropometric variables and either percentage body fat or total fat mass in children aged 3-19 y with the use of the pooled data set In this study we validated 3 height-and weight-based indexes as predictors of underweight and overweight with the use of skinfold thicknesses and DXA measurements as the gold standard. We used skinfold-thickness data from a nationally representative survey with > 10 000 standardized measurements for children aged 2-19 y, the largest available set of values in the United States from which to compare the body composition of children and adolescents. We also used pooled data from 3 different studies conducted in the past 5 y in 3 developed countries, which include a large set of DXA measurements to compare the body composition of children and adolescents. Of the many validation studies of height-and weight-based indexes as predictors of body fatness in children and adolescents (8-20, 26-28, 36, 37 ; A De Lorenzo, et al, unpublished observations, 1995), some used skinfold thicknesses (8-10) and others used DXA measurements as the gold standard (11-20, 26-28, 36, 37 ; A Pietrobelli, unpublished observations, 1997). However, most of the studies examined only small samples of school-age children. One study by Ellis et al (36) involved children and adolescents aged 3-18 y but examined only the association between %BF and BMI. In addition, these validation studies focused only on the prediction of body fatness in overweight children rather than on the prediction of body fatness across children with body fat values ranging from low to high (8-20, 26-28, 36, 37) .
We defined underweight as reduced fat (< 15th percentile) in the pooled data and as a low triceps and subcutaneous fat layer ), and weight-for-height ( ) in predicting underweight (< 15th percentile) and overweight (> 85th percentile) with the use of average skinfold thicknesses as the reference in children and adolescents aged 2-5 y (n = 4285), 6-11 y (n = 3279), and 12-19 y (n = 3189). Data from the third National Health and Nutrition Examination Survey (31) were used.
TABLE 6
Comparison of the performance of the areas under the receiver operating characteristic curves of BMI-for-age, weight-for-height, and RI (Rohrer index)-for-age as defined by the average of the triceps and subscapular skinfold thicknesses at the cutoffs for overweight (> 85th percentile) and underweight (< 15th percentile) in children aged 2-19 y with the use of data from the third National Health and Nutrition Examination Survey (31) 
FIGURE 2.
Comparison of the performance of the receiver operating characteristic curves of BMI-for-age ( ), RI (Rohrer index)-forage ( ), and weight-for-height ( ) in predicting underweight (< 15th percentile) and overweight (> 85th percentile) in children and adolescents aged 3-5 y (n = 162), 6-11 y (n = 465), and 12-19 y (n = 293). Pooled data on percentage body fat derived with dual-energy X-ray absorptiometry.
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www.ajcn.org in the NHANES III data. This does not mean to imply that the rate of change in body fat and body lean was constant, only that the patterns of change in each tended to be similar (38) (39) (40) (41) (42) , eg, as TFM decreased or increased, TFFM tended to decrease or increase as well. A reduction in %BF mathematically implies an increase in %FFM. However, changes are unlikely to be symmetrical at the 2 ends of the BMI distribution. The recent release of CDC growth charts with age-and sexspecific BMI reference values for children aged 2-19 y should help researchers and practitioners to track overweight or underweight consistently from early childhood through adolescence and adulthood. Substantial evidence suggests that overweight or obese children are more likely to be overweight or obese as adults (43) (44) (45) (46) (47) (48) (49) . Thus, prudent interventions during childhood and adolescence may yield long-term benefits (50) (51) (52) (53) . However, the tracking cannot be started before age 2 y in the United States because no BMI reference data are available for that age period. The new CDC growth charts did not extend BMI to infancy because the rapid changes that take place at that stage make it difficult to capture the actual shape of the BMI distribution.
The new CDC growth charts also include sex-specific weightfor-length references from birth to < 3 y of age and weight-forheight references for children aged 2-5 y. The advantages of having both weight-for-length and weight-for-height references are that preschool children can be tracked consistently by a single index. Furthermore, practitioners have more experience with this index and do not need to perform any calculations before plotting the growth indexes. Therefore, 2 references (BMI and weight-forheight) are available for screening body fatness and body thinness in children aged 2-5 y. Researchers or practitioners have a choice of which reference to use, depending on their purpose: for tracking or monitoring children aged 0-5 y, weight-for-length and weight-for-height can be used consistently; for tracking or monitoring children aged > 2 y, BMI-for-age can be used consistently. The drawback of having 2 indexes for use at this overlapping age range (2-5 y old) is that confusion can occur if the percentiles assigned by both indexes are different. In the current study, the use of BMI-for-age and weight-for-height as references resulted in assignment of similar percentiles to children and similar predictions of overweight and underweight for children aged 2-5 y; therefore, such confusion should have been minimal.
We used both correlation coefficients and ROC curves to examine the associations between the gold standards and the 3 heightand weight-based indexes and the sensitivities and specificities of the 3 indexes in classifying underweight and overweight. Correlation coefficients can estimate the degree of closeness of a linear relation between 2 variables. However, correlation coefficients should be interpreted with caution. For example, one indicator could consistently over-or underestimate from the true values for the predictor variable but could have the same correlation coefficient. The ROC curve can summarize all the sensitivities and specificities of the 3 indexes in detecting underweight or overweight into one chart.
TABLE 7
Comparison of the performance of the areas under the receiver operating characteristic curves of BMI-for-age, weight-for-height, and RI (Rohrer index)-for-age as defined by percentage body fat measured with dualenergy X-ray absorptiometry at the cutoffs for overweight (> 85th percentile) and underweight (< 15th percentile) in children aged 3-19 y with the use of a pooled data set We could not examine the racial-or ethnic-specific ROC performance in the pooled data because most of the children were white. A potential bias exists in the pooled data set because the data were drawn from different studies and different populations. However, the bias is irrelevant to this study because all the assigned height-and weight-based percentiles and the percentiles assigned from the DXA measurements were from the same children. The results of the classification of both underweight and overweight from the pooled data are generally consistent with the results from the NHANES III data (Figures 1 and 2) .
Our data provide additional support for the use of BMI-forage in assessing underweight and overweight in children and adolescents aged 2-19 y. However, we only examined the validity of BMI-for-age as an indicator of body fatness. Our data do not address the clinical utility of the 15th and 85th percentiles of BMI. However, other data showed that the 85th percentile of BMI predicts children at risk of developing obesity (49) and identified children with additional risk factors for cardiovascular disease (54) . As recommended by an expert committee (55) , the use of BMI to predict overweight in individual patients requires the use of ancillary criteria. The recommendations provide practical guidance to pediatric clinicians who evaluate and treat overweight children.
In conclusion, this study cross-validated 3 height-and weightbased indexes for predicting both overweight and underweight in children and adolescents. In general, the performance of BMIfor-age is better than that of RI-for-age in predicting both underweight and overweight but is similar to that of weight-for-height in children and adolescents aged 2-19 y.
